erator-activated receptor type gamma (PPAR␥) is a subgroup of the PPAR transcription factor family. Recent studies indicate that loss of PPAR␥ is associated with the development of pulmonary hypertension (PH). We hypothesized that the endothelial dysfunction associated with PPAR␥ inhibition may play an important role in the disease process by altering cellular gene expression and signaling cascades. We utilized microarray analysis to determine if PPAR␥ inhibition induced changes in gene expression in pulmonary arterial endothelial cells (PAEC). We identified 100 genes and expressed sequence tags (ESTs) that were upregulated by Ͼ1.5-fold and 21 genes and ESTs that were downregulated by Ͼ1.3-fold (P Ͻ 0.05) by PPAR␥ inhibition. The upregulated genes can be broadly classified into four functional groups: cell cycle, angiogenesis, ubiquitin system, and zinc finger proteins. The genes with the highest fold change in expression: hyaluronan-mediated motility receptor (HMMR), VEGF receptor 2 (Flk-1), endothelial PAS domain protein 1 (EPAS1), basic fibroblast growth factor (FGF-2), and caveolin-1 in PAEC were validated by real time RT-PCR. We further validated the upregulation of HMMR, Flk-1, FGF2, and caveolin-1 by Western blot analysis. In keeping with the microarray results, PPAR␥ inhibition led to re-entry of cell cycle at G1/S phase and cyclin C upregulation. PPAR␥ inhibition also exacerbated VEGF-induced endothelial barrier disruption. Finally we confirmed the downregulation of PPAR␥ and the upregulation of HMMR, Flk-1, FGF2, and Cav-1 proteins in the peripheral lung tissues of an ovine model of PH. In conclusion, we have identified an array of endothelial genes modulated by attenuated PPAR␥ signaling that may play important roles in the development of PH. microarray; cell signaling; peroxisome proliferator-activated receptor PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR-␥ (PPAR␥) was initially identified in adipose tissue and is a key regulator of lipid metabolism and glucose homeostasis (47, 50). Later, it was shown that PPAR␥ is also expressed in the vasculature including endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and monocytes/macrophages (13, 43). Upon activation by its ligands (fatty acids, arachidonic acid metabolites, and thiazolidinediones, etc), PPAR␥ forms heterodimers with the retinoid X receptor (RXR), and binds to specific PPAR response elements (PPRE) in the promoter region of its target genes, thereby regulating downstream gene expression (15, 46) . PPAR␥-mediated gene regulation can also be modulated by its interactions with specific co-activators and co-repressors (15, 26). PPAR␥ activation has been shown to alleviate atherosclerotic lesion formation and tumor progression (25, 30). The antiproliferative effects on VSMCs and antiangiogenic effects on tumor vasculogenesis by PPAR␥ activation seem to play important roles in these beneficial effects (9, 31, 53) .
the retinoid X receptor (RXR), and binds to specific PPAR response elements (PPRE) in the promoter region of its target genes, thereby regulating downstream gene expression (15, 46) . PPAR␥-mediated gene regulation can also be modulated by its interactions with specific co-activators and co-repressors (15, 26) . PPAR␥ activation has been shown to alleviate atherosclerotic lesion formation and tumor progression (25, 30) . The antiproliferative effects on VSMCs and antiangiogenic effects on tumor vasculogenesis by PPAR␥ activation seem to play important roles in these beneficial effects (9, 31, 53) .
Recently, it has been shown that loss of PPAR␥ is associated with pulmonary hypertension (PH) (35) . PPAR␥ expression has been shown to be significantly reduced in the plexiform lesions of human subjects with PH (2) . Reduced PPAR␥ expression has also been demonstrated in vascular lesions of a rat model of severe PH (2) . Hypoxia as well as shear stress has been implicated in reducing PPAR␥ expression in PH (2) . The discovery of an association between PPAR␥ and the development of PH have brought new perspectives for understanding the etiology of this disease. It is generally believed that derangements in pulmonary endothelium-derived mediators and endothelial dysfunction play pivotal roles in PH. However, our knowledge on the interplay between PPAR␥ and endothelial dysfunction is limited. It has been shown that decreases in PPAR␥ expression reduces nitric oxide (NO) production and induces abnormal EC and VSMC growth (4, 35) . However, the exact mechanisms underlying PPAR␥ downregulation and the pathogenesis of PH remain to be defined. We propose that global changes in pulmonary arterial endothelial cell (PAEC) gene expression induced by attenuated PPAR␥ binding are involved the endothelial dysfunction in pulmonary vasculature. We therefore utilized the powerful microarray techniques to identify target genes regulated by PPAR␥ in PAEC with the potential to identify novel target genes to develop new therapeutic strategies for the prevention and treatment of PH. We then confirmed a downregulation of PPAR␥ in our clinically relevant ovine model of congenital heart diseases (CHD) with increased pulmonary blood flow and compared the expression changes discovered in our cell culture studies with those in the lungs of our lambs with PH.
MATERIALS AND METHODS
Reagents. Cell culture reagents including Dulbecco's modified Eagle's medium (DMEM), M199 medium, antibiotic-antimycotic solution, and fetal bovine serum (FBS) were obtained from Mediatech (Herndon, VA). Nuclear Extraction Kit and PPAR␥ Transcription Factor Assay Kit were from Cayman Chemical (Ann Arbor, MI). The Bovine Genome Genechips were from Affymetrix (Santa Clara, CA). The RNeasy Mini Kit, QuantiTect Reverse Transcription Kit, QuantiTect SYBR Green PCR kit, Flk-1 siRNA, and HiPerfect Transfection Reagent were from Qiagen (Valencia, CA). GW9662 and propidium iodide were obtained from Sigma (St. Louis, MO). VEGF was from Calbiochem (San Diego, CA). The monoclonal antibody directed against Cav-1 was from BD Transduction Laboratories (San Jose, CA). hyaluronan-mediated motility receptor (HMMR), VEGF receptor 2 (Flk-1), basic fibroblast growth factor (FGF-2), PPAR␥, and cyclin C polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). The scrambled siRNA and PPAR␥ siRNA were from Santa Cruz Biotechnology.
Cell culture, PPAR␥ antagonist treatment, and PPAR␥ depletion. Primary cultures of ovine PAEC were isolated as described previously (58) . Ovine PAEC or bovine aortic endothelial cells (BAEC) were cultured and maintained in 10% FBS-DMEM until confluence for experimental procedures. Confluent PAEC were treated with vehicle (DMSO) or the PPAR␥ antagonist GW9662 at 5 M for 24 h for subsequent analysis. Human pulmonary microvascular endothelial cells (HMVEC) were isolated as previously described (7), cultured in M199 media containing 20% FBS, 100 units heparin/ml, 150 g endothelial cell growth factor/ml, 1 g hydrocortisone/ml, 292 mg L-glutamine/l, and 110 mg sodium pyruvate/l. The HMVEC were grown to 70% confluence and transfected with 25 nM scrambled siRNA or PPAR␥ siRNA, and the cells were utilized for subsequent analyses 24 -48 h after transfection.
Measurement of PPAR␥ transcription factor binding. PPAR␥ transcription factor binding was measured by an ELISA method from Cayman according to manufacturer's instructions. Briefly, the assay plate was precoated with a consensus dsDNA sequence of PPRE then the nuclear extracts were added. The plate was then washed to remove unbound reagents, the PPAR␥ antibody was added, and the plate washed three times. After the addition of an horseradish peroxidase (HRP)-conjugated secondary antibody the plate was again washed three times, the developing substrate was added, and incubated at room temperature for 15-45 min, finally the stop solution was added and the plate was read at 450 nm.
Microarray hybridization procedures. Our primary cultures of PAEC are of ovine species; however, when this research was conducted, there was no commercially available ovine genechip for microarray studies. We therefore used the bovine genome chip from Affymetrix for a cross-species hybridization. We first carried out a preliminary study and confirmed the validity of this approach by comparing the basal gene expression profile in BAECs (same species hybridization) with that in ovine PAEC (cross-species hybridization). We found that the gene expression pattern was similar between ovine and bovine endothelial cells, as can be seen on the log ratio plot of expression difference (Fig. 1) , the log ratio of distribution difference centered on 0; only ϳ2.0% of the transcripts differ by Ͼ2-fold between the ovine and bovine species ( Fig. 1 and Table 1 ), suggesting that the bovine chips may be used for ovine studies for the vast majority of the genes. For the formal study ovine PAEC were treated with vehicle (DMSO) or the PPAR␥ antagonist GW9662 (5 M) for 24 h. Total RNA was then isolated, labeled, and then hybridized to the bovine genome chips. Five genechips were employed in each group in both the preliminary and formal studies.
The microarray protocol was as follows: RNA was isolated using the Qiashredder column and RNeasy Mini kit. All RNA extracted was analyzed for quantity and quality using the Agilent 2100 Bioanalyzer system (Agilent Technologies, Palo Alto, CA). Gene expression profiling was performed using the bovine genome chips. An aliquot of 1 g of total RNA was converted into double-stranded cDNA (dscDNA) by using SuperScript Choice System (GIBCO-BRL Life Technologies, Carlsbad, CA) with an oligo-dT primer containing a T7 RNA polymerase promoter (Genset, San Diego, CA). After secondstrand synthesis, the reaction mixture was extracted with phenolchloroform-isoamyl alcohol, and ds-cDNA was recovered by ethanol precipitation.In vitro transcription was performed on the ds-cDNA using the Enzo RNA transcript Labeling kit. Biotin-labeled cRNA was purified by using an RNeasy affinity column (Qiagen) and fragmented randomly in fragmentation buffer (40 mM Tris-acetate, pH 8.1, 100 mM KOAc, and 30 mM MgOAc) to sizes ranging from 35 to 200 bases by incubating at 94°C for 35 min. The hybridization solutions contained 100 mM MES [2-(N-morpholino) ethanesulfonic acid], 1 M Na ϩ , 20 mM EDTA, and 0.01% Tween 20. The final concentration of fragmented cRNA was 0.05 g/l in hybridization solution. A target for hybridization was prepared by combining 40 l of fragmented transcript with sonicated herring sperm DNA (0.1 mg/ml), bovine serum albumin, and 5 nM control oligonucleotide in a buffer containing 1.0 M NaCl, 10 mM Tris · HCl (pH 7.6), and 0.005% Triton X-100. The target was hybridized for 16 h at 45°C to the array chips (Affymetrix). Arrays were then washed at 50°C with stringent solution and then again at 30°C with nonstringent washes. Arrays were then stained with streptavidin-phycoerythrin (Invitrogen). DNA chips were read at a resolution of 3 m with a Hewlett-Packard GeneArray Scanner and were analyzed with the GENECHIP software (Affymetrix GCOS 1.1). Both the CEL and DAT files for each hybridization have been uploaded to our server running GeneTraffic v3.2 (Iobion Informatics, La Jolla, CA).
Microarray data analysis. Microarray data were processed and normalized using RMA (5) . Normalized data were subsequently analyzed using the LIMMA (49) package in R. All groups were compared pair wise, and a P value Ͻ0.05 was considered significant.
Real-time RT-PCR analysis. Real-time RT-PCR was employed to verify the regulation of a list of genes of interest. Primers were designed by Primer 3. Table 2 shows all the primer sets utilized. Real time RT-PCR was carried out in two steps. First, total RNA was extracted Heat map analysis showed that only 2.1% of the ovine genes are upregulated (481/23,000) by Ͼ2-fold, and 2.0% of the ovine genes are downregulated (469/23,000) by Ͼ2-fold compared with bovine gene expression, suggesting that the bovine chips may be used for ovine studies for the vast majority of the genes.
from cells (or tissues) using the RNeasy kit (Qiagen), and 1 g total RNA was reverse-transcribed using QuantiTect Reverse Transcription Kit (Qiagen, Hilden) in a total volume of 20 l. Quantitative real-time PCR was conducted on Mx4000 (Stratagene), using 2 l of RT product, 12.5 l of QuantiTect SYBR Green PCR Master Mix (Qiagen, Hilden), and primers (400 nM) in a total volume of 25 l. The following thermocycling conditions were employed: 95°C for 10 min, followed by 95°C for 30 s, 55°C for 60 s, and 72°C 30 s for 45 cycles. The threshold cycles (Ct) of a serially diluted control sample were plotted to generate a standard curve. Concentration of each sample was calculated by interpolating its Ct on the standard curve and then normalized to ␤-actin (housekeeping gene) mRNA levels.
Western blot analysis. For the cell culture studies, PAEC or HMVEC were lysed with modified RIPA buffer containing 150 mmol/l NaCl, 50 mmol/l Tris, pH 7.4, 1.0% Nonidet P-40 (NP-40), 0.25% sodium deoxycholate, 1 mmol/l EDTA, and protease inhibitor mixture for 15 min at 4°C and insoluble materials were removed by centrifugation (14,000 g for 15 min). Lung tissues were homogenized in Triton X-100 lysis buffer [20 mM Tris · HCl (pH 7.6), 0.5% Triton X-100, 20% glycerol] supplemented with protease inhibitors (100 g/ml PMSF, 1 g/ml leupeptin and aprotinin), clarified by centrifugation at 20,000 g for 20 min at 4°C, and the supernatant was stored at Ϫ80°C until use. Protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL). Then proteins were run on 4% to 20% gradient SDS-PAGE gel (NuSep), transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA), and blotted with the appropriate primary antibody overnight at 4°C, followed by incubation with the HRP-conjugated secondary antibody (Pierce) for 1 h at room temperature. After the membrane was exposed to Supersignal West Femto Maximum Sensitivity Substrate (Pierce), proteins were detected and quantified on Kodak Image Station 440.
Cell cycle and cell growth analyses. Ovine PAEC were treated with vehicle or 5 M GW9662 for 24 h; then the cells were trypsinized, washed with ice-cold PBS, and resuspended in 2 ml of Vindelov's propidium iodide (0.01 M Tris, pH 8.0, 10 mM NaCl, 700 U of RNase, 75 M propidium iodide, 0.1% NP-40). Cells were incubated at room temperature for 15 min. DNA content was determined using a Becton Dickinson FACS Calibur cell flow cytometer. Cell cycle distribution was analyzed using Cell Quest Pro (BD Bioscience, San Jose, CA). Flow cytometric analyses used 20,000 events/sample, and gating was used to exclude cell aggregates; 40,000 HMVEC were seeded into each well of a 24-well plate. After 24 h the cells were then transfected with 25 nM of a PPAR␥-specific siRNA or a scrambled siRNA. The cells were then trypsinized and counted using a hematocytometer at 48-, 72-, and 96-h postplating.
Measurement of transendothelial resistance. Transendothelial resistance (TER) was measured by electric cell impedance sensing (ECIS) apparatus (Applied Biophysics, Troy, NY) as described (37) . Equal number of ovine PAEC or HMVEC were seeded on L-cysteinecoated gold electrode arrays (8W10E). Ovine PAEC were grown to confluence and HMVEC were grown to 70% confluence. Current was applied across the electrodes by 4,000-Hz AC voltage source attached to an amplifier. TER was monitored for 30 min to establish baseline.
Table 2. Primer pairs for real-time RT-PCR analysis
Gene Name Sense Primer Anti-sense Primer
Fig. 2. GW9662 inhibits peroxisome proliferator-activated receptor (PPAR)␥ transcription factor binding in ovine PAEC. Ovine PAEC were treated with vehicle (DMSO) or GW9662 (5 M) for 24 h, and nuclear extracts were prepared, loaded onto a 96-well plate precoated with dsDNA of PPRE, and detected by the PPAR␥ antibody. PPAR␥ transcription factor binding was significantly decreased in GW9662-treated PAEC. Data are means Ϯ SE, n ϭ 4, *P Ͻ 0.05 vs. Vehicle. Ovine PAEC were pretreated with vehicle (DMSO) or GW9662 (5 M) for 24 h. HMVEC were pretransfected with 25 nM of a PPAR␥-specific siRNA or a scrambled siRNA for 48 h. Cells were then exposed or not to vascular endothelial growth factor (VEGF, 100 ng), and ECIS was continuously recorded for 24 h. To confirm the role for PPAR␥ mediated increases in Flk-1 on VEGF-mediated increased permeability we transiently transfected ovine PAECs with either an Flk-1 siRNA or a scrambled siRNA as a control. After the cells were treated with either DMSO or GW9662 (5 M) for a further 24 h; then the cells were exposed or not to VEGF (100 ng), and the change in TER was monitored for 24 h.
Ovine model of PH with increased pulmonary blood flow.
We utilized an ovine model of CHD with increased pulmonary blood flow as the experimental PH model as we have previously described (40) . Briefly, pregnant ewes (137-141 days gestation, term ϭ 145 days) underwent in utero surgery to anastomose an 8.0-mm Gore-tex vascular graft (ϳ2 mm length; W. L. Gore and Assos., Milpitas, CA) between the ascending aorta and main pulmonary artery of the fetus. The incisions in the uterus and the abdomen were closed, and the sheep were allowed to deliver normally. Two weeks after spontaneous delivery, lambs were anesthetized with ketamine hydrochloride (ϳ0.3 mg · kg Ϫ1 · min Ϫ1 ), diazepam (0.002 mg · kg Ϫ1 · min Ϫ1 ), and fentanyl citrate (1.0 g · kg Ϫ1 · h Ϫ1 ), intubated, mechanically ventilated, and a midsternotomy incision was performed. Oxygen saturations were obtained in the aorta, right ventricle, right atrium, and distal pulmonary artery to confirm graft potency and increased pulmonary blood flow. Increase in mean pulmonary arterial pressure was validated. Four biopsies of peripheral lung tissue were harvested from randomly selected lobes, and ϳ300 mg of peripheral lung were obtained for each biopsy. At the end of the protocol, all lambs were killed with a lethal injection of pentobarbital sodium followed by bilateral thoracotomy as described in National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All protocols and procedures were approved by the Committees on Animal Research at the University of California, San Francisco; Medical College of Georgia, Augusta, Georgia; and the German Heart Centre, Munich, Germany.
Statistical analysis. Statistical calculations were performed using the GraphPad Prism V. 4.01 software. The mean Ϯ SD or SE was calculated for all samples, and significance was determined either by the unpaired t-test or ANOVA. For ANOVA Newman-Keuls post hoc testing was also utilized. A value of P Ͻ 0.05 was considered significant.
RESULTS

Overview of gene expression profiles in PPAR␥-inhibited PAEC.
Initially we verified that GW9662 (5 M, 24 h) significantly decreased PPAR␥ transcription factor binding in ovine PAEC (Fig. 2 , P Ͻ 0.05 vs. vehicle). Next we identified gene expression changes in GW9662-treated ovine PAEC using bovine genome microarrays. We found the expression levels of 100 genes and expressed sequence tags (ESTs) were upregulated by Ͼ1.5-fold and 21 genes and ESTs downregulated by Ͼ1.3-fold (P Ͻ 0.05) by PPAR␥ inhibition (Fig. 3) . Although the majority of these changes were less than twofold, a number of upregulated genes changed by more than twofold. For example, the HMMR The significantly upregulated cell cycle-related genes are listed. For each gene, the Affymetrix probe set ID, the gene symbol, fold change, P value, the false discovery rate (FDR), and the gene name are given. (Table 3) , angiogenesis (Table 4) , ubiquitin system (Table 5) , and zinc finger proteins (Table 6) .
Validation of candidate genes by quantitative real-time RT-PCR in GW9662-treated ovine PAEC and PPAR␥-depleted HMVEC.
Among the most upregulated genes, HMMR is involved in cell migration (45, 48) ; Flk-1 is actively involved in angiogenesis and endothelial barrier function (32); EPAS1, also known as HIF-2 alpha, is an important transcription factor in hypoxia response and is implicated in the development of lung vessels (14) ; FGF-2 is critical in angiogenesis (33, 52) ; and caveolin-1 has been documented as a negative regulator of endothelial nitric oxide synthase (eNOS) activity (59) and thus may inhibit vascular relaxation. As these genes are all strong candidates for mediating endothelial dysfunction in PH, we verified the regulation of these genes by To further verify the regulations of these genes by PPAR␥ in a more clinically relevant system, we utilized PPAR␥ siRNA to deplete PPAR␥ expression (Fig. 4H) and PPAR␥ transcription factor binding (Fig. 4I ) in HMVEC and again tested the regulation of these genes. We found, in PPAR␥-depleted HLMVEC, there was a significant upregulation of HMMR mRNA (3-fold, Fig. 4J ), Flk-1 mRNA (1.8-fold, Fig. 4K ), EPAS1 mRNA (1.9-fold, Fig. 4L ), FGF2 mRNA (1.8-fold, Fig. 4M ), and caveolin-1 mRNA (1.4-fold, Fig. 4N ). Thus, we confirmed, using both a pharmacological inhibitor and an siRNA depletion technique, that PPAR␥ inhibition altered the regulation of these genes in two different EC lines, corroborating the microarray data.
Validation of candidate genes at the protein level in GW9662-treated ovine PAEC and PPAR␥-depleted HMVEC.
We next validated the upregulation of HMMR, Flk-1, EPAS1, The significantly upregulated ubiquitin-related genes are listed. For each gene, the Affymetrix probe set ID, the gene symbol, fold change, P value, the FDR, and the gene name are given. The significantly upregulated zinc finger-related genes are listed. For each gene, the Affymetrix probe set ID, the gene symbol, fold change, P value, the FDR, and the gene name are given.
FGF2, and caveolin-1 in GW9662-treated PAEC and PPAR␥-depleted HMVEC at the protein level. Except for EPAS1, for which we were unable to detect a band, we found that GW9662 treatment significantly increased the protein level of HMMR (1.6-fold, Fig. 5A ), Flk-1 (2-fold, Fig. 5B), FGF2 (2.3-fold, Fig.  5C ), and caveolin-1 (1.8-fold, Fig. 5D ). Depleting PPAR␥ by siRNA in HMVEC also significantly increased the protein level of HMMR (2.8-fold, Fig. 5E ), Flk-1 (1.5-fold, Fig. 5F),  FGF2 (2.1-fold, Fig. 5G), and caveolin-1 (1.8-fold, Fig. 5H) . Thus, the expression changes of these genes identified by the microarray studies are not only confirmed at mRNA level but also related to changes in protein expression with functional implications. We next wished to determine if the gene expression changes induced functional consequences in the cells.
PPAR␥ inhibition induces cell cycle re-entry in PAEC and cell proliferation in HMVEC.
In the microarray studies we found a group of cell cycle-related genes were upregulated by PPAR␥ inhibition (Table 3) . We therefore examined the effects of PPAR␥ inhibition on EC growth in both GW9662-treated PAEC and PPAR␥-depleted HMVEC. We did not observe any Fig. 4 . PPAR␥ inhibition or depletion increases hyaluronan-mediated motility receptor (HMMR),VEGF receptor 2 (Flk-1), endothelial PAS domain protein 1 (EPAS1), basic fibroblast growth factor (FGF-2), and caveolin-1 mRNA levels in ovine and human PAEC. To pharmacologically inhibit PPAR␥ signaling, ovine PAEC were treated with vehicle (DMSO) or GW9662 (5 M) for 24 h. Total RNA was isolated and the levels of HMMR (A), FLK-1 (B), EPAS1 (C), FGF2 (D), and caveolin-1 (E), SERPINE1 (F), and STAP2 (G) were quantified by SYBR Green real-time RT-PCR analyses. HMMR mRNA was upregulated by 1.9-fold (A); Flk-1 mRNA was upregulated by 4.4-fold (B); EPAS1 mRNA was upregulated by 1.3-fold (C); FGF2 mRNA was upregulated by 1.4-fold (D); Cav-1 mRNA was upregulated by 2.3-fold (E), SERPINE1 mRNA was downregulated by 1.4-fold (F), and STAP2 mRNA was downregulated by 2.2-fold (G). To deplete PPAR␥ expression, HMVEC were transfected with a PPAR␥ siRNA or a scrambled siRNA (Scra siRNA) for 48 h, and Western blot analysis (H) and transcription factor binding assays (I) were then utilized to confirm the decrease in PPAR␥ expression and binding respectively. Data are means Ϯ SE, n ϭ 6 for the Western blot assays and N ϩ 4 for the transcription assays, *P Ͻ 0.05 vs. Scra siRNA. In the Western blot assays, protein loading was normalized by reprobing the blot with ␤-actin. Total RNA was the isolated from the PPAR␥-depleted cells, and the levels of HMMR (J), FLK-1 (K), EPAS1 (L), FGF2 (M), and caveolin-1 (N) quantified by SYBR Green real-time RT-PCR analyses. HMMR mRNA was upregulated by 3-fold (J); Flk-1 mRNA was upregulated by 1.8-fold (K); EPAS1 mRNA was upregulated by 1.9-fold (L); FGF2 mRNA was upregulated by 1.8-fold (M); and Cav-1 mRNA was upregulated by 1.4-fold (N). Data are means Ϯ SE, n ϭ 6, *P Ͻ 0.05 vs. Scra siRNA. All mRNA data was normalized to ␤-actin mRNA levels.
gross difference in cell growth between vehicle-and GW9662-treated PAEC. However, using flow cytometry analysis we found that PPAR␥ inhibition more than doubled the percentage of S-phase cells (Fig. 6A) , although PPAR␥ inhibition did not significantly change the percentage of G 0 /G 1 -phase cells (Fig.  6B) or the percentage of G 2 /M-phase cells (Fig. 6C) . Based on the microarray result that PPAR␥ inhibition significantly upregulated cyclin C expression, and cyclin C may promote exit at G 0 /G 1 and reentry into S phase (44), we speculated that cyclin C may be involved in the increase in S-phase cells. We therefore carried out Western blot analysis to examine the cyclin C protein levels in vehicle-and GW9662-treated PAEC. Our data indicate that GW9662 significantly upregulated cyclin C (3.3-fold, Fig. 6D ). These results indicate that PPAR␥ inhibition induces cell cycle reentry at G 1 /S in PAEC and that increased levels of cyclin C may underlie this process. We also found that depleting PPAR␥ using siRNA in HMVEC led to significant increase in both cell proliferation (Fig. 6E) and also significant increases in cyclin C protein levels (Fig. 6F) .
PPAR␥ inhibition exacerbates VEGF-induced barrier disruption in PAEC and HMVEC. The GW9662-mediated increase in FLK-1 (VEGF receptor 2) suggested that PPAR␥ inhibition could potentiate VEGF-induced endothelial barrier disruption. To test this, we monitored barrier function using ECIS to measure changes in TER continuously for 24 h in GW9662-treated PAEC and PPAR␥-depleted HMVEC. Our data indicate that PPAR␥ inhibition (Fig. 7A) or depletion (Fig.   7B ) both acutely (0.25-0.5 h) and chronically (24 h) significantly decreased TER following VEGF treatment, indicating an exacerbation in VEGF-induced barrier disruption. We then attenuated the expression of Flk-1 in PAECs using an siRNA technique (Fig. 7C) , and demonstrated that the exacerbating effect of GW9662 on VEGF-induced barrier disruption was abolished (Fig. 7D) , confirming the key role played by Flk-1 in the effect of PPAR␥ inhibition on VEGF-mediated barrier disruption.
Confirmation of protein changes in an ovine model of PH.
To further confirm that the gene expression changes caused by PPAR␥ inhibition may indeed play a role in PH, we examined the expression of PPAR␥ and the expression of identified upregulated genes HMMR, Flk-1, FGF2, and caveolin-1 by Western blot analysis in the peripheral lung tissues of our ovine model of PH associated with increased pulmonary blood flow (Shunt). We first demonstrated that PPAR␥ is significantly downregulated in the peripheral lung tissues of Shunt lambs (Fig. 8A) . We also found that HMMR (2.8-fold, Fig. 8B), FLK-1 (3-fold, Fig. 8C), FGF2 (2.1-fold,  Fig. 8D ), and caveolin-1 (4.6-fold, Fig. 8E ) are all significantly upregulated in the peripheral lung tissues of Shunt lambs. These in vivo results are consistent with our in vitro data, strongly suggesting that PPAR␥ inhibition-induced regulation of these genes may play important roles in the development of PH. 5 . PPAR␥ inhibition or depletion increases HMMR, FLK-1, EPAS1, FGF2, and caveolin-1 protein levels in ovine and human PAEC. To pharmacologically inhibit PPAR␥ signaling, ovine PAEC were treated with vehicle (DMSO) or GW9662 (5 M) for 24 h. To deplete PPAR␥ expression, HMVEC were transfected with a PPAR␥ siRNA or a Scra siRNA for 48 h. In each case, whole cell extracts (20 g) were then subjected to Western blot analysis to determine changes in HMMR, FLK-1, FGF2, and caveolin-1 protein levels. A representative image is shown for each Western blot. In ovine PAEC, HMMR protein was upregulated by 1.6-fold (A); Flk-1 protein was upregulated by 1.9-fold (B); FGF2 protein was upregulated by 2.3-fold (C); and caveolin-1 protein was upregulated by 1.8-fold (D). In HMVEC, HMMR protein was upregulated by 2.8-fold (E); Flk-1 protein was upregulated by 1.5-fold (F); FGF2 protein was upregulated by 2.1-fold (G); and caveolin-1 protein was upregulated by 1.8-fold (H). Data are means Ϯ SE, n ϭ 6, *P Ͻ 0.05 vs. vehicle. All protein levels were normalized by reprobing with ␤-actin.
DISCUSSION
In this study, we utilized the powerful microarray technique to investigate gene expression changes following PPAR␥ inhibition in PAEC and assessed their potential roles in PH. Based on previous findings that loss of PPAR␥ is associated with PH (2) and PPAR␥ activation with PPAR␥ agonists significantly reduces the PH phenotype in a variety of rodent models (18, 34, 35) , we hypothesized that the global gene expression changes caused by PPAR␥ inhibition underlie the pulmonary vascular remodeling in PH. We found 100 genes and ESTs were upregulated by Ͼ1.5-fold and 21 genes and ESTs were downregulated by Ͼ1.3-fold in PPAR␥-inhibited PAEC (P Ͻ 0.05). Compared with the usual cutting point using a fold change at 2.0, our array results exhibited small fold changes. We believe this is partly due to the moderate inhibition of PPAR␥ transcription factor binding by GW9662 treatment. However, this was chosen to more accurately mimic the clinical situation where PPAR␥ signaling is attenuated but not completely ablated. However, it is also possible that the attenuation of hybridization signals inherent in cross-species hybridization (3) may also play a role in the limiting the identified fold change. Furthermore, it is possible that due to crossspecies differences in sequence our studies may not detect all genes that are dysregulated by loss of PPAR␥ binding activity. To alleviate this concern we also determined the false discovery rate for each gene that had a P Ͻ 0.05 and found that the range was between 5 and 25% with the majority being Ͻ20%.
The upregulated genes can be broadly classified into four categories: cell cycle-related genes, angiogenesis-related genes, ubiquitin-related genes, and zinc finger proteins. FLK-1, HMMR, FGF2, and caveolin-1 are among the top upregulated genes, and their regulations were confirmed at both mRNA and protein levels in PAEC exposed to the PPAR␥ pharmacological inhibitor GW9662, and these results were reproduced in PPAR␥-depleted HMVEC. We further demonstrated PPAR␥ inhibition led to re-entry of cell cycle at G 1 /S phase, cell proliferation, and exacerbated VEGF-induced endothelial barrier disruption. Finally we identified the downregulation of PPAR␥ and the upregulation of FLK-1, HMMR, FGF2, and caveolin-1 in the peripheral lung tissues of an ovine model of PH with increased pulmonary blood flow, thus establishing a Fig. 6 . PPAR␥ inhibition increases the number of cells in S phase and cyclin C expression in ovine PAEC, while PPAR␥ depletion increases cell proliferation in human PAEC. Ovine PAEC were treated with vehicle (DMSO) or GW9662 (5 m) for 24 h. The cells were then harvested and labeled with propidium iodide (75 M). Cell flow cytometry was then used to identify changes in cell cycle progression. PPAR␥ inhibition significantly increased the percentage of cells in S phase (A). However, PPAR␥ inhibition did not alter the percentage of cells in the G0/G1 phase (B) or the G2/M phase (C); n ϭ 6, *P Ͻ 0.05 vs. vehicle-treated PAEC. In addition, Western blot analysis identified that PPAR␥ inhibition significantly increased cyclin C expression in ovine PAEC (D). Shown is a representative image with protein loading normalized by reprobing with ␤-actin. Data are means Ϯ SE, n ϭ 3, *P Ͻ 0.05 vs. vehicle. Furthermore, PPAR␥ depletion with a PPAR␥-specific siRNA significantly increased human pulmonary microvascular endothelial cell (HMVEC) proliferation (E). Data are means Ϯ SD, n ϭ 4, *P Ͻ 0.05 vs. Scra siRNA, and this correlated with increased cyclin C protein levels in HMVEC (F). HMVEC were transiently transfected with a PPAR␥ siRNA or Scra siRNA as a control for 48 h, and the proteins were quantified as described above; a representative image is shown. Data are means Ϯ SE, n ϭ 4, *P Ͻ 0.05 vs. Scra siRNA.
link between PPAR␥-inhibition mediated changes in PAEC gene expression in vitro and the development of the PH phenotype.
PH is the most common manifestation of pulmonary vascular diseases caused by diverse clinical conditions including chronic obstructive pulmonary diseases, congenital heart defects, autoimmune diseases, etc (42) . The decrease in NO and prostacyclin and the increase in ET-1, NADPH oxidase, and Rho/Rho kinase activity have been demonstrated to be important mediators of pulmonary vasoconstriction and thus play important roles in PH (35, 39) . However, our understanding of the pathogenesis of PH is far from complete as little is known about the onset of pulmonary vascular remodeling in this disease process. In addition, despite the current therapeutic measures, which include inhaled NO and phosphodiesterase-5 inhibitor (sildenafil) to target the NO/cGMP axis, prostacyclin analogs to target the prostacyclin axis, and endothelin receptor blockers to target the endothelin axis, PH remains a great source of morbidity and mortality. The inadequacy of these measures to regress pulmonary vascular remodeling may be one reason for the suboptimal therapeutic efficiency. Thus, it is imperative to identify the underlying mechanisms for the initiation of pulmonary vascular remodeling and develop new therapeutic strategies.
Plexiform lesions and concentric-obliterative muscularization lesions can both occur in PH, in which plexiform lesions occur as solitary lesions, whereas concentric-obliterative lesions appear to be only associated with, and proximal to, plexiform structures (11) . The cells in the plexiform lesions have an endothelial origin (51) . One characteristic of ECs is that when they reach confluence, contact inhibition prevents them from further dividing and they become quiescent maintaining a monolayer. However, rather than growing in a typical monolayer that defines a patent vessel, the ECs in the plexiform lesions exhibit a proproliferative and apoptosis-resistant phenotype in which the "law of the monolayer" is lost (51) . It is still not clear what produces the "proliferative" phenotype of Fig. 7 . PPAR␥ inhibition or depletion exacerbates VEGF-induced endothelial barrier disruption in ovine PAEC and HMVEC. A: ovine PAEC were plated on gold microelectrodes and grown until there was a plateau of impedance for at least 6 h. PAEC were then treated with either vehicle (DMSO) or GW9662 (5 M) for 24 h, after which cells were exposed or not to VEGF (100 ng), and transendothelial resistance (TER) was monitored for 24 h. Alone GW9662 did not alter basal TER; however, it significantly decreased TER acutely (at 0.5 h) and chronically (24 h) in the presence of VEGF. Data are means Ϯ SD, n ϭ 6, †VEGF vs. vehicle at 0.5 h; ‡GW9662 ϩ VEGF vs. VEGF at 0.5 h; *VEGF vs. vehicle at 24 h; * †GW9662 ϩ VEGF vs. VEGF at 24 h, †, ‡, *, * † indicate P Ͻ 0.05. B: HMVEC were plated on gold microelectrodes and grown until 70% confluence then transfected with a PPAR␥ siRNA or a Scra siRNA. After 48 h the cells were exposed or not to VEGF (100 ng), and TER was monitored for 24 h. Alone PPAR␥ knock-down did not alter basal TER; however, it significantly decreased TER acutely (at 0.3 h) and chronically (24 h) in the presence of VEGF. Data are means Ϯ SD, n ϭ 6. †Scra siRNA ϩ VEGF vs. Scra siRNA at 0.3 h; ‡PPAR␥ siRNA ϩ VEGF vs. Scra siRNA ϩ VEGF at 0.3 h; *Scra siRNA ϩ VEGF vs. Scra siRNA at 24 h; * †PPAR␥ siRNA ϩVEGF vs. Scra siRNA ϩ VEGF at 24 h, †, ‡, *, * † indicate P Ͻ 0.05. C: ovine PAECs were transiently transfected with a Flk-1 siRNA or Scra siRNA as a control for 48 h, and the proteins were harvested for Western blot analysis. The Flk-1 siRNA significantly reduces Flk-1 protein levels (a representative image is shown). Data are means Ϯ SE, n ϭ 4. *P Ͻ 0.05. D: ovine PAECs were transiently transfected with a Flk-1 siRNA or Scra siRNA as a control for 24 h, followed by treatment with either DMSO or GW9662 (5 M) for a further 24 h. The cells were then exposed or not to VEGF (100 ng), and the TER was monitored over 24 h. The Flk-1 siRNA significantly attenuates the effect of GW9662 on VEGF-induced barrier disruption (both acutely and chronically). *Flk-1 siRNA ϩ Vehicle ϩ VEGF vs. Scra siRNA ϩ Vehicle ϩ VEGF; †Scra siRNA ϩ GW9662 ϩ VEGF vs. Scra siRNA ϩ Vehicle ϩ VEGF.
these ECs. Previous studies showed that the ECs in the plexiform lesion stained negative for the cyclin-kinase inhibitor marker p27
Kip1 (11) . Here we demonstrate that PPAR␥ inhibition increases gene expression of a list of cell cycle-related genes, including the G 1 /S-associated cyclin C (44) and G 2 /Massociated cyclin A2 (55) . We also demonstrated that PPAR␥ inhibition significantly increased the percentage of S-phase cells. Moreover, we have directly shown that depleting PPAR␥ promotes HMVEC proliferation. These findings are consistent with previous reports that PPAR␥ agonists block events for re-entry of quiescent VSMCs into cell cycle, specifically G 0 /G 1 to S phase, inhibiting VSMCs proliferation (23, 56) . The arrest on VSMCs cell cycle progression has been proposed to be associated with the antiatherogenic utilities of PPAR␥ agonists on systematic vascular diseases (12, 23) . In VSMCs, PPAR␥ agonists seem to induce cell cycle arrest by inhibiting retinoblastoma protein phosphorylation and upregulating the CDK inhibitor p27
Kip1 (6, 22) . However, in our studies, we found cyclin C protein expression was increased, which may play an important role in expediting G 1 /S progression. We were not able to detect a significant increase in G 2 /M-phase cells, nor can we confirm an increase in cyclin A2 at protein level by Western blot analysis. However, our data highlight a potential role for PPAR␥ signaling in regulating cell proliferation and normal cell cycle progression through the G 1 /S phase. The reentry of cell cycle at G 1 /S in PPAR␥-inhibited PAEC may be a critical event in the plexiform lesion formation in PH. However, further studies will be required to test this hypothesis.
Although our results demonstrate that PPAR␥ inhibition overdrives PAEC cell cycle progression at G 1 /S, which most likely gives them a proliferative phenotype, these ECs may also need an amenable environment for their outgrowth. In fact, the plexiform lesions are not end-stage lesions, they are dynamic angiogenic processes (10, 54) . The executive summary from the world symposium Primary Pulmonary Hypertension 1998 states that the plexiform lesion may represent "endothelial cells that are involved prominently in angiogenesis, perhaps akin to a neoplastic process" (19) . In keeping with this, we discovered that PPAR␥ inhibition upregulated mRNA and protein expression of a list of angiogenesis-related genes. For example, the VEGF type-2 receptor Flk-1 was upregulated as was FGF-2, another important angiogenic factor (33, 52) . In addition to upregulating VEGF receptor 2/Flk-1, which has an angiogenic implication, we also found that PPAR␥ inhibition both acutely and chronically exacerbated VEGF-induced disruption of the endothelial barrier function in PAEC as well as in PPAR␥ depleted HMVEC. In vivo, this loss of barrier function would potentially expose the underlying cells to circulating mitogens 1-fold, D) , and caveolin-1 (4.6-fold, E) were all significantly increased. Data are means Ϯ SE, n ϭ 4, *P Ͻ 0.05 vs. control. All protein levels were normalized by reprobing with ␤-actin.
(51) and therefore may promote VSMCs proliferation and aggravate vascular remodeling in PH. We also found that HMMR was upregulated by PPAR␥ inhibition in PAEC and HMVEC. HMMR has been shown to play an important role in EC migration (45, 48) . We further verified the upregulation of these angiogenic proteins in the peripheral lung tissues of an ovine model of PH with increased pulmonary blood flow. Thus, we conclude that PPAR␥ inhibition not only confers a proliferative phenotype on PAEC by regulating cell-cycle progression but also provides an angiogenic milieu by increasing gene expression of angiogenic factors. Indeed, previous studies have shown that PPAR␥ activation caused antiangiogenic effects in ECs by downregulating VEGF and FGF-2 expression (29, 30) . These findings are consistent with our findings that PPAR␥ inhibition increased VEGF-2 receptor and FGF2 expression both in vitro and in vivo. We also demonstrated that PPAR␥ inhibition upregulated caveolin-1 expression at both mRNA and protein levels in PAEC and HMVEC. Furthermore, caveolin-1 was found to be upregulated in the peripheral lung tissues of our ovine model of PH with increased pulmonary blood flow. Decreases in NO production are well established in PH (35) , although these decreases are not necessarily accompanied by a decrease in eNOS expression (35, 38) . Caveolin-1 is a well-recognized negative regulator of eNOS activity through its ability to limit calcium-calmodulin binding (59) . Thus, we propose that the upregulation of caveolin-1 may play an important role in the sequential decrease in NO production we have observed in our ovine model of PH (36) . In addition, since NO is known to inhibit VSMC proliferation (1), the upregulation of caveolin-1 may also indirectly promote pulmonary VSMC proliferation and vascular muscularization by reducing NO production. However, it is worth noting that due to the limitations of the peripheral lung tissue used in our in vivo studies we cannot definitively ascribe the protein changes to the endothelium.
We also found that PPAR␥ inhibition led to the upregulation of a number of ubiquitin-proteasome system (UPS)-related genes. These include the ubiquitin-protein ligase NEDD4, Cullin3, Cullin5, and ubiquitin-conjugating enzyme E2, J2, and H. The UPS is the major pathway for mediating nonlysosomal proteolysis of intracellular proteins (57) . It plays important roles in a variety of fundamental cellular processes such as proliferation, cell cycle progression, DNA damage repair, and cell death (57) . Interactions between PPAR␥ and the UPS could thus affect multiple cellular pathways (16) . PPAR␥ signaling can alter protein levels and downstream pathways not only by altering their expression but also by modulating the activity of the UPS in target-specific manner (16) . Conversely, the UPS could also play a role in regulating the level and activity of PPAR␥ as well as its co-activators and co-repressors. Interestingly, alterations in UPS are frequently found in cancer (17) . Oncogenes and tumor suppressor proteins are often the targets of UPS alterations (8) , and during the oncogenic process their susceptibility to proteasomal-dependent degradation can be altered (41) . However, at the moment little is known about the relationship between the UPS and PH, and further studies will be required to identify the role, if any, of UPS in the development of PH.
Finally, we also found that PPAR␥ inhibition upregulated a number of zinc finger genes. Zinc finger proteins have diverse functions. Some of them are transcription factors and are involved in regulating gene expression (27) . Other zinc finger proteins are known to modulate PPAR␥ transcription factor binding. For example, the DNA-binding domain (DBD) of PPAR␥ has two sets of zinc fingers (20) ; the specificity and polarity of PPAR-DNA binding seem to be at least in part due to features in the zinc finger domains of PPAR␥ (21) . In addition, the DNA-binding partner of PPAR␥, RXR, also has a DBD with two zinc fingers (28) . Thus, we predict that some of the upregulated zinc finger proteins, including the zinc finger protein 181 and zinc finger-CCHC domain containing 8, may serve either as transcription factors for downstream genes or as co-activators or co-repressors for PPAR␥ signaling. Another distinct family of upregulated zinc finger proteins belongs to the ring finger protein family, including the ring finger protein-transmembrane 1, the ring finger protein 168, and the ring finger protein 20. Ring finger proteins can be involved in mediating ubiquitin ligase activity (24) , suggesting a link to the UPS system we have also found to be altered by PPAR␥ inhibition. We speculate that because of the diverse functions of the zinc finger proteins, they may play diverse roles in PH.
In conclusion, we have identified a number of gene families that are regulated by the loss of PPAR␥ signaling. We found that PPAR␥ inhibition promoted cell-cycle progression and cell proliferation and upregulated angiogenesis-related genes in PAEC and HMVEC. From this we speculate that antiproliferation and antiangiogenic therapeutic measures could be utilized in addition to the current vasodilator therapies for the treatment of PH. The inhibition of PPAR␥ signaling also led to upregulation of ubiquitinrelated proteins and zinc finger proteins; however, their implications in PH remain to be defined but potentially open new avenues for innovative research.
